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Introduction 
In the previous report  it was shown how, with sufficiently 
purified solutions, considerable s t ructural  details could be resolved in 
the anodic formation of surface oxides a t  platinum studied by the potentio- 
dynamic sweep method. These peaks which a r e  indicated on the reference 
figure show structural  details of the oxide formation region somewhat 
comparable to  those seen more  clearly in the hydrogen region both for 
the anodic and cathodic directions of sweep. The main features,  however, 
a r e  quite different insofar a s  there  is marked hysteresis with regard to the 
form of the current  potential profile in the anodic going direction, in 
comparison with that in the cathodic going direction. 
general  feature of the platinum surface oxidation a s  noted by ear l ie r  
workers ,  and in our previous report. 
metals such ;rs rhociiurri dki6 pdiiabiiun, iis w e l l  d s  gold, but is iiot iounG ia 
the first stage of oxidation of iridium,as discussed further below. 
This is always a 
It is  a l so  noted with other noble 
In the previous report  we discussed various possibilities for 
the origin and significance of the structure in the initial stages of the 
surface oxide formation and pointed out that the peaks could not simply 
correspond to  such chemical species a s  PtOH followed by PtO or PtOZ at  
higher potentials, since the amounts of charge passed up to  the various 
regions were not sufficient to correspond to such degrees of oxidation. 
Two possibilities were  proposed: (a)  that there  was initially PtOH 
followed by a double bonded OPt state,  that  is, 0 bridging two platinum 
Per atoms followed by one O/platinum atom at  more  anodic potentials. This 
proposal still gives difficulties, haw ever ,  since the initial stages of 
oxidation which show- peaks, correspond t o  charges less  than one 
electron per platinum atom and there  a r e  other difficulties in relation to 
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the form of cur ren t  potential curves for anodic oxidationof sinp;Le organic 
substances in relation to  the peak s t ructure  in the surface oxidation cur ren t  
potential profiles themselves; (b)  brief mention was made that an 
alternative representation could be made of successive occupancy of surface 
si tes on the platinum lattice by OH species in the form of various super- 
lattices corresponding at first to  occupancy of the surface with a l l  particles 
as second nearest  neighbours, then alternate particles a s  nearest  neigh- 
bours and finally a l l  particles a s  nearest  neighbours corresponding to  the 
state f tPtOHfl .  
transformed to  a P t O  structure sirAply by removal of a proton and an 
electron in a normal electron proton oxidation process. 
At higher potentials this PtOH structure could then become 
Further  aspects of this type of mechanism a r e  examined in 
the present report  in relation to  behaviour at single c rys ta l  surfaces and 
with regard to optical studies of the s u r f i x e  by means of c l l . i p s a z z t q  in 
relation to the i r revers ible  changes which a r e  evidently occurring on the 
surface as exemplified by the characterist ic and marked hysteresis  which 
is always observed at platinum between the anodic going and cathodic 
going current  potential profiles, even a t  high sweep rates.  
of studies at more  elevated temperatures in order  t o  investigate both the 
processes  a t  the platinum surface and changes in the hysteresis  a r e  a l so  
presented in this report  and further details w i l l  be given, it is hoped, 
after some months in the next semi-annual report. 
Initial aspects 
Behaviour a t  single c rys ta l  surfaces 
The importance of studies at single c rys ta l  surfaces became 
apparent in relation to the proposals made in our prevjous report  for the 
structure in the oxidation region and as summarized above. Continuing 
work has involved studies on three single c rys t a l  planes, the@$ @,)and 
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(109 surfaces of platinum on crystals  kkd ly  supplied t o  us by Dr. Will 
of the General Electr ic  Company. 
sorption were made on these same crys ta l s  by W i l l  and published ear l ie r  
but no work has been reported a t  clean surfaces studied in clean solutions 
in the oxidation region. 
Previous studies of the hydrogen chemi- 
Initial experiments with the c rys ta l s  a s  received showed that 
there  were  curious time dependence effects and other anomalies in relation 
to the previous work done in this laboratory with polycrystalline wires  
and sheets. The electrodes as received f rom Dr. Will had been sealed 
in soft glass envelopes exposing the desired single crystal  surface. 
examination of these glass seals  revealed leakage around various micro- 
c racks  and this was evidently giving r i s e  to  the undesirable t ime dependence 
effects. The cracks had evidently appeared since Dr. Will had done his 
original measurements some s i x  years  ago. 
the difficult problem o r  resealing the electrodes and it was thought un- 
desirable to t r y  to heat them up in new glass seals ,  so the only other 
method would be to  s t r ip  off the glass and r e sea l  the electrodes by means 
of araldite epoxy cement. This procedure presented cerfain undesirable 
aspects a s  may be readily appreciated with regard to contamination of the 
surface and/or the solution by organic impurities. 
Careful 
-_- vv e were tnerefore iaced with 
A substantial preliminary investigation was made to  examine 
if polycrystalline wire electrodes could be sealed in glass using the epoxy 
cement without contamination of the electrode o r  the solution. Initial 
experiments did not give encouraging resul ts  but by making persistent 
investigations, varying the composition of the epoxy so that no monomer 
mater ia l  was left over in the cement after hardening, we were able to  show 
that araldite sealed electrodes behaved a s  satisfactorily a s  ordinary wires  
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sealed in glass tubes in hydrogen. 
to experiment with sealing one of the single crystals  in a glass holder by 
means of the araldite and examining i ts  cur ren t  potential behavior. 
Provided the epoxy mixture was again made up very  carefully, we were 
able to  show that the(@ surface gave an almost identical cur ren t  potential 
profile in the anodic and cathodic regions a s  polycrystalline wire ,  which 
happens to  expose the (111) surface on account of the drawing process  which 
reveals these planes as preferred orientations in the surface. 
experiments were then car r ied  out with the other two single c rys ta l  
specimens and a t  room temperature it was possible to get satisfactory 
This encouraging resul t  led us then 
Further 
potentiodynamic current  potential profiles a t  the three single c rys ta l  surfaces. 
The resul ts  a r e  shown in Fig. 1 and it i s  evident that there 
a r e  significant differences in the positions of peaks OAO, OAl and OA2 
( s e e  ref. figure) and also some difference in the single cathodlc rec?vr,tion 
peak. 
so that actual quantities of surface oxide a r e  expectedly different and this 
difference of course does not a r i s e  f rom the different orientations,per se. 
It mus t  be emphasized that fairly subtle differences a r e  to  be expected in 
the oxidation behavior of the single c rys ta l  surfaces and these differences 
a r i s e  f rom the different lattice geometries and the different super-lattice 
s t ructures  which can a r i s e  on these surfaces. 
shown in Fig. 2, together with the f i r s t ,  second and third order  sub- 
lattices of the adsorbed OH species. The latter a r e  presumed to  be the 
first species to be discharged out of the v a t  e r  solvent in acid medium by 
the reaction 
The diagram shown in Fig. 1 re fers  to  electrodes of different a r eas  
The late ice geometries a r e  
P t t H 2 0  --f P t O H t H ' t e  
- 5 -  
The nature of the super-lattices of adsorbed species on the c rys ta l  faces 
Reference to Fig. 2 shows that after some low initial coverage, 
which could not be detected experimentally, it i s  possible for OH species 
to  be electrodeposited on the platinum surface in various ordered arrange-  
ments depending on the coverage. This presumes that the OH species will 
initially prefer to be separated by maximum distances owing to  repulsive 
interactions. 
geometry dependent on the coverage,provided that there is  a cer ta in  amount 
of mobility amongst the electrochemisorbed species. Similar effects a r e  
observed directly by low energy electron diffraction studies on the chemi- 
sorption of oxygen, for example on to  clean nickel surfaces. Various 
super-lattice s t ruc tures  a r i s e  in the manner proposed for the electro- 
chcrnisorptioz caac. 
on the(lO4 plane consjsts of OH species which a r e  adsorbed at s i tes  of four 
adjacent platinum atoms. 
one quarter of the to ta l  platinum atoms and this will give completion of the 
first super-lattice structure.  This would correspond to passage of charge 
equal to one electron per  four platinum atoms. 
a r i s e s  when alternate positions ( F i g .  2)  a r e  occupied corresponding to  a 
state of oxidation of the surface Pt2OH. 
completely filled by occupancy of the remaining sites up to  the state of 
PtOH. 
electrochemical oxidation of PtOH according to  the reaction 
They will  then se t  up a super-lattice having a character is t ic  
. .  Thc first sIgz;fizz;l’; supCi--?ZttiCe :Thich C L I i  52 I”Crixeii 
The surface can then be filled to  a n  extent of 
The next super lattice 
Finally the surface can be 
I(. If  
Further oxidation of a l e s s  specific kind can then,of course, occur by 
PtOH 4 PtO t Ht t e 
These sub-lattice s t ructures  correspond to peaks which appear a t  charac- 
ter is t ic  charges a s  shown in the table below. 
- 6 -  
Table 1 
Coverages of Pt surface by OH species at peaks of successive charging 
cur ren ts  
Expt. OAO OAl OA2 
0.13 0.35 0. 75 
The or e t  ical  0.125 0.25 t 0.5 t 
(for successive 
super lattice s ) 
1 - x 0.25 2 
1 
- x  0.5 2 
= 0. 3’75 = 0.75 
full 
c over age 
1. 0 
1 
It is  seen that the peaks appear at characterist ic degrees of 
surface coverage in quite close correspondence to  those experimentally 
observed,as a l so  indicated in the table. 
is significant in the sense that it is  difficult t o  account for peaks appearing 
a t  degrees of coverage less  than . 5 and 1 by other mechanistic approaches. 
These predictions a r e  therefore important in relation to  the pbssible 
behavior of single c rys ta l  surfaces experimentally. 
It is believed that this agreement 
/ 
It will also be appreciated that the other faces of the platinum 
f. c. c. l a t t i c e  will not give quite the same accommodation for OH species 
in relation to the appearance of the character is t ic  charges and potential. 
For  example, the hexagonally close packed[lll) plane offers trigonal si tes 
ra ther  than Pt4 si tes  for adsorption of OH species. 
surface is  therefore ra ther  different from those of the other two, although 
each of them has its own characterist ic aspects.(Fig. 2). 
The geometry of th i s  
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Current-potential profiles a t  single c rys ta l  surfaces 
The potentiodynamic current  potential profiles for(ll4, (111. 
and(100)crystal faces shown in Fig. 1 demonstrate that there  are 
significant differences between the potentials at which the respective peaks 
a r i s e  and between the relative heights of the peaks. The resolution of the 
three principal peaks in the anodic oxidation profile is also somewhat 
dependent on the c rys ta l  face. 
are significant and do not change with time of continued cycling or  with 
more  rigorous degrees of solution purification etc. 
that the differences represent real effects corresponding to  the predicted 
differences for successive occupancy of lattice s i tes  in an ordered manner 
on the three single c rys ta l  planes. There are also some slight differences 
in the cathodic reduction peak in regard to  the charge and the position of the 
peak potential. 
It is to  be emphasized that the differences 
It is believed, therefore,  
These matters a r e  being examined quantitatively in con- 
tinuing work. Similarly, further work on the result  of holding the potential . 
anodic for various times as was done in the previous work with poly- 
crystalline materials will be continued with the single c rys ta l  surfaces in 
an  attempt to  establish if holding effects, that is growth and rearrange-  
ment processes ,  are dependent on the single crystal  surface at which the 
oxidation is occurring. 
aspect of continuing work in the next half year. 
of the surface which go on are of great  importance in regard to  i r revers i -  
bility of the oxidation/reduction process  and,we believe,with regard to the 
kinetics and mechanism of molecular oxygen reduction which preferably 
must  occur on a surface which has only a small coverage by chemisorbed 
oxygen species and does not contain rather irreversibly sorbed surface- 
This type of study will constitute an  important 
The the-dependent  changes 
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oxide species such a s  a r i s e  in the holding experiments. 
question,of course,is  closely connected with behavior at the higher 
temperatures  where we anticipate, and preliminary results show, that 
the holding and growth effects a r e  ra ther  more  extensive a t  the elevated 
temperatures ,  due to  acceleration of migration processes.  
The whole 
Such effects a r e  shown in Fig. 3 f rom which it is seen that 
the shape of the profile for initial oxidation differs a s  the temperature is 
increased and the total amount of surface oxide formed, a s  measured by 
the a r e a  under the cathodic reduction peak, increases. Further  experi- 
ments on holding and growth processes  a t  the elevated temperatures  a r e  
in progress.  
Ellipsometric studies on the surface oxidation process 
As mentioned in the previous report ,  optical studies on 
adsorption and oxide f i l m  growth a t  metal  surfaces provide a n  important 
additional means of character iz ing the oxidation processes.  
present work, ellipsometric measurements  have been made by a non- 
steady- state procedure of measuring the time-dependent changes of A 
which measure 
polarized light through the surface f i l m  and out again after reflection. By 
appropriate adjustments of the ell ipsometer,  very  sensitive measurements  
of changes of A can be made and read  out directly on a recorder.  
Fig. 4 i s  shown the change of A under conditions of repetitive cycling a s  
in a potentiodynamic experiment, while the second curve of Fig. 4 shows 
the resul t  of holding the potential a t  the anodic end for 30 sec. The main 
point of interest  in this work was to  examine the reversibility of changes 
of A with respect  to the charge or amount of oxide laid down. 
In the 
the phase difference associated with the passage of ” 
In 
Kinetically, 
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there  is always marked hysteresis between the anodic-and cathodic-going 
current-potential profiles but this would nct necessarily imply that there  
should be hysteresis in the optical signal if the latter were plotted against 
the amount of oxide existing at any given potential in the anodic-going or  
cathodic-going parts of the cycle. 
with respect  to potential, since surface oxide always remains on the 
surface a t  potentials which a r e  more  cathodic than those required to lay it 
down) . 
(There will, of course,  be hysteresis  
With regard to examination of the hysteresis effect in the 
optical behavior, comparative experiments were also ca r r i ed  out a t  gold 
electrodes and resul ts  s imilar  to those shown in Fig.  4 a r e  portrayed in 
Fig. 5 for a smooth polycrystalline gold electrode in 1 N sulfuric acid at 
25OC. The data of Figs. 4 and 5 can conveniently be examined by plotting 
the changes of A with respect t o  the oxide coverage expressed a s  the ratio 
Q ~ / Q H  a s  shown in Fig. 6. The potential scale i s  also shown non-linearly 
in Fig. 6,parallel with the surface coverage scale,  the latter being, of 
course,  on a linear basis. The main point of interest  in Fig. 6 i s  that 
the changes of A with respect  to  quantity of surface oxide laid-down in the 
anodic direction a r e  not the same a s  those corresponding to removal of the' 
surface oxide in the cathodic direction. It is apparent that there  is some 
initial increase of A at a lower ra te  than that subsequently (between .4 
and 1.8 in the value of Qo/Q, ) and then in the descending direction the change 
of A is initially smaller  with decreasing coverage, then attains a higher 
slope and finally a higher slope s t i l l  in the las t  stages of reduction. 
resul ts  suggest that at least  two species a r e  involved>and in the initial 
stage of oxdiation one species i s  laid down and the region of high slope 
corresponds t o  an additional species being laid down, together with the f i r s t  
one. 
first and finally another species i s  only removed with a higher slope,with 
regard to the A-coverage relationship,right a t  the last  stage of reduction. 
These 
In the reduction curve,the initial species appears to be reduced 
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It is  suggested that this behavior corresponds to  an initial deposition of 
a species,for example OH, on the surface which, by rearrangement 
processes ,  becomes converted t o  a less  easily reducible species, possibly 
by place exchange and development of a two-dimensional P tOPt  surface 
pha~h- ,~which shows different behavior with regard  to changes of A in 
response to  changes of quantity of oxygen species laid down. 
in the optical signal is perhaps the strongest evidence that there  is some 
rearrangement process going on with t ime which is a lso dependent on the 
potential and amount of the surface oxide laid down, a s  indicated in the 
cur ren t  potential profiles r e fe r r ed  to  in the ear l ie r  report .  
examine the extent to which this behavior is peculiar to  platinum, the 
resu l t s  of Fig. 5 for gold were plotted in a s imilar  manner in Fig. 7 and 
it is seen that in comparison with the case  of platinum, the oxidation and 
reduction at  gold surfaces is much more  reversible with respect  to the 
optical properties than that at platinum. This is consistent with all the 
other indications found in the purely electrochemical aspects of the work. 
These results demonstrate the importance of complementary optical and 
electrochemical studies being ca r r i ed  out on the same meta l  under the 
same conditions. 
'. 
t' I 
The hysteresis  
In order  to  
3 
\ 
A striking difference with regard to growth effects exists 
if the behavior of iridium is compared with that of platinum. 
shows the potentiodynamic current  potential profile for iridium between 
the hydrogen region and the f i r s t  stage of surface oxidation of that metal. 
It i s  evident that a large degree of reversibil i ty obtains in the oxidation 
Fig.  8 
and reduction process  in complete contrast  to  that observed a t  platinum 
and a l so  that a t  palladium, rhodium and gold. 
evidently closely connected with the growth effects, since Fig. 8 a lso 
The reversibil i ty is 
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shows the resul t  of holding the potential at iridium a t  the anodic end 
for  up to  10 mins. 
quantity of surface oxide laid down at  iridium on account of the holding 
under these conditions. 
been a substantial increase of quantity of surface oxide laid down, up to 
about 3070 in this t ime and at comparable potentials. 
t h e  difference of behavior i s  due to  the different facilities with which 
1 oxygen and platinum atoms interchange in a place exchange mechanism 
corresponding t o  the initial stages of oxide growth by mutual diffusion of 
oxygen and metal  atoms or ions. 
greater  hardness of the metal  and greater  difficulty of displacement of 
metal  atoms, the place exchange process cannot occur a t  ordinary temp- 
e ra tures  so that a monolayer of OH species is laid down and can be reduced 
in a reversib7e manner more or  l e s s  like the behavior of hydrogen a t  the 
cathodic end of platinum. An important aspect of continuing work will be 
to  re la te  this lack of growth or  rearrangement at iridium in more  detail 
to  the behavior at platinum by examining the effects of temperature at 
iridium and platinum, including studies up to relatively high temperatures  
as proposed originally. 
It’ is  seen that there  is virtually no increase .in the 
At platinum,on the other hand, there would have 
We suggest, that 
At iridium, probably because of the 
2 
C onclus ions 
In conclusion, it has been shown in the further development 
of the work that important growth and r e a r r a n g e m a t  processes  occur on 
platinum which a r e  associated with the hysteresis between the oxide 
formation and reduction processes  previously characterized electrochemically. 
The use of optical studies in a dynamical way provides important new 
information on aspects of irreversibil i ty of the platinum oxidation and reduction 
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process.  
a r e  reversible but even with coverages corresponding to only 10% of the 
surface, some irreversibil i ty becomes significant after some period of 
holding at the anodic end of the potential sweep, even at  these low 
coverages. 
the species which a r e  involved at low coverages in the electrochemi- 
sorption of oxygen and the role of oxygen intermediates in molecular 
oxygen reduction at platinum and other electro-catalysts. 
on open circuit with regard  t o  ellipsometric detection)at high levels of 
The very  initial stages of the platinum oxidation and reduction 
This aspect of the work i s  of some importance with regard to  
Further studies 
sensitivity,of oxygen species a r e  in progress.  
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Reference Figure: showing designation of peaks in the anodic and 
cathodic i-V profile for formation and reduction of 
surface oxide on Pt, and i ts  anodic cathodic H-regions, 
as in the previous report. 
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Fig. 1. Potentiodynamic sweep profiles for (114, (113 and(l00) 
c rys ta l  faces at Pt (preliminary resul ts) .  

Fig. 2. Geometries of the 
lattice of Pt showing the f i r s t ,  second and third order  
sub-lattices of adsorbed species. 
(lll)and(lOO)surfaces of the f. c. c .  
t 
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Fig. 3. Effects of elevated temperature  on the potentiodynamic 
sweep profile for oxidation and reduction of a poly- 
crystalline (drawn wire)  Pt surface in 1 N aq. H2S04. 
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Fig. 4. Relation between the potentiodynamic anodic and 
cathodic i-v profile, and changes f of the ellipsometric 
parameter  A for Pt in 1 N aq. H2S04, 25OC. 
Curve 1 : repetitive cycling 
Curve 2 :  after holding the potential at the anodic 
end for 30  sec. 
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Fig. 6. Hysteresis between change of ellipsometric A values 
in the oxidation direction a t  Pt and in the reduction 
plotted a s  a function of electrode potential and oxide 
coverage calculated a s  electrons per  Pt atom on Q,/ 
ratio assuming 1 H can be adsorbed per  Pt atom at 
cathodic end) . 
[This plot indicates a r e a l  - change of physical condition 
as the oxide is formed in relation t o  the state of the 
surface during the reduction process]. 
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Fig. 7. Lack of hysteresis  in the change of A values in formation 
and reduction of surface oxide on Au in aq. 1 N H2S.04, 
25OC. 
Descending line t t t 
Ascending line - - - 
(slopes of each line as indicated) 
0-0 region shows effect of holding the potential at the 
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Data for  two experiments are shown. 
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Fig.  8. Lack of hysteresis in the first stage of surface oxidation 
of iridium in 1 N aq. H2S04 (contrast  case of Pt surface 
oxidation). 
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